ABSTRACT: We have used a biosynthetically incorporated fluorescent probe to monitor domain movements involved in ion transport by the sarcoendoplasmic reticulum Ca-ATPase (SERCA) from rabbit fasttwitch skeletal muscle. X-ray crystal structures suggest that the nucleotide-binding (N) and actuator (A) domains of SERCA move apart by several nanometers upon Ca binding. To test this hypothesis, cDNA constructs were created to fuse cyan-fluorescent protein (CFP) to the N terminus of SERCA (A domain). This CFP-SERCA fluorescent fusion protein retained activity when expressed in Sf21 insect cells using the baculovirus system. Fluorescence resonance energy transfer (FRET) was used to monitor the A-N interdomain distance for CFP-SERCA selectively labeled with fluorescein isothiocyanate (FITC) at Lys 515 in the N domain. At low [Ca 2+ ] (E2 biochemical state), the measured FRET efficiency between CFP (donor in A domain) and FITC (acceptor in N domain) was 0.34 ( 0.03, indicating a mean distance of 61.6 ( 2.0 Å between probes on the two domains. An increase of [Ca 2+ ] to 0.1 mM (E1-Ca biochemical state) decreased the FRET efficiency by 0.06 ( 0.03, indicating an increase in the mean distance by 3.0 ( 1.2 Å. Quantitative molecular modeling of dual-labeled SERCA, including an accurate calculation of the orientation factor, shows that the FRET data observed in the absence of Ca is consistent with the E2 crystal structure, but the increase in distance (decrease in FRET) induced by Ca is much less than predicted by the E1 crystal structure. We conclude that the E1 crystal structure does not reflect the predominant structure of SERCA under physiological conditions in a functional membrane bilayer.
The sarcoendoplasmic reticulum Ca-ATPase (SERCA) 1 is a 110 kDa integral membrane protein responsible for maintaining a 10 000-fold Ca gradient across the membrane of the sarcoplasmic reticulum (SR) in cardiac and skeletal muscle cells. SERCA couples the active transport of 2 mol of Ca/mol of ATP hydrolyzed during the enzymatic cycle. Early models of this cycle proposed that SERCA exists primarily in two biochemical states, namely, E1 and E2, or with and without bound Ca, respectively. Until recently, the structural basis for active Ca transport has been based on mutagenesis of Ca-and ATP-binding residues (1) (2) (3) (4) (5) , lowresolution electron microscopy studies with bound ligands (6) (7) (8) (9) (10) (11) (12) , and spectroscopic studies of intrinsic tryptophan (Trp) fluorescence and extrinsic optical and paramagnetic probes (13) (14) (15) (16) (17) . Recent advances in X-ray crystallography of SERCA have refined the overall architecture of the protein, highlighting its four distinct functional domains (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) : the nucleotide-binding (N), phosphorylation (P), actuator (A), and transmembrane (TM) domains. These X-ray crystal structures suggest domain rearrangements due to binding of ligands that stabilize intermediates of the SERCA catalytic cycle. In particular, the structures assigned to both the E1 (18) and E2 (19, 27, 28) biochemical intermediates show large differences, suggesting that the model of Ca binding at the transmembrane sites results in a dramatic rearrangement of the three cytosolic domains, most specifically between the A and N domains ( Figure 1 ). These static crystal structures suggest the necessity for a large conformational transition between the E2 and E1 biochemical states. However, there is not necessarily a direct correspondence between structural states, defined by crystal structures, and biochemical states, defined by ligand concentrations under more physiological conditions. The E1 crystal structure was obtained at an extremely high Ca concentration (10 mM, 100-fold higher than needed for saturation of the high-affinity Ca-binding sites of SERCA) (30) , and the E2 crystal structures have only been obtained when stabilized with the SERCA inhibitors: thapsigargin (Tg), cyclopiazonic acid (CPA), and 2,5-di(tert-butyl)-1,4-benzohydroquinone (BHQ) (19, 27, 28, 31) . Thus, the question remains whether the crystallographic data reflect the SERCA structures actually present during the Ca transport cycle in a biological membrane.
Spectroscopic techniques, such as fluorescence and electron paramagnetic resonance (EPR), are well-suited for making structural measurements in noncrystalline samples. For example, Ca binding to the high-affinity (micromolar) Ca-binding sites in the TM domain of SERCA in SR membranes causes a 5% increase in intrinsic Trp fluorescence (32, 33) , probably due to changes in the local environments of Trp residues in the transmembrane domain. In the cytoplasmic headpiece, fluorescein isothiocyanate (FITC), attached specifically to Lys 515 in the N domain, undergoes a 5% decrease in fluorescence intensity upon micromolar Ca binding, suggesting long-range conformational coupling between the TM and N domains (34, 35) . Similarly, the EPR spectrum of an iodoacetamide spin label, attached to Cys 674 in the P domain, shows that the rotational freedom of the probe changes slightly in response to Ca but more dramatically in response to ATP (16) . Unfortunately, measurements of fluorophore emission and spin-label mobility do not provide direct information about the magnitude of a structural transition. In contrast, fluorescence resonance energy transfer (FRET) can directly detect molecular distance changes with high precision. Research from this laboratory and elsewhere has shown that FRET between the N and P domains is insensitive to Ca binding, as determined using multiple donor and acceptor labeling strategies (13-15, 36, 37) . Collectively, these data show that Ca binding produces relatively small-scale structural changes within the cytosolic domain of SERCA, from the perspective of the N and P domains.
This conclusion was supported upon publication of the crystal structures assigned to the E1 (18) and E2 (19, 27, 28) biochemical states of SERCA, which showed that the N-P interdomain distance does not differ substantially between these structures. Rather, the crystal structures suggest that the largest Ca-induced structural change in the cytosolic domain of SERCA occurs in separation of the N and A domains. Indeed, the crystallographic data indicate an increase of about 27 Å in the distance between the N terminus of the A domain and the FITC-binding site at Lys 515 on the N domain ( Figure 1 ).
One challenge to studying A-domain dynamics is that no specific native labeling sites have been identified on this domain. In the present study, we have created a novel labeling site on the A domain by covalently linking cyanfluorescent protein (CFP) to the N terminus of SERCA. With the baculovirus expression system, we show that overexpression of the fusion protein produces high quantities of active protein for biochemical and spectroscopic studies. Using CFP as the fluorescent donor and FITC attached to Lys 515 as the acceptor, we have used FRET to measure the A-N interdomain distance in response to Ca binding. Quantitative molecular modeling of the fluorophore movements within the fusion protein allowed us to compare the observed movement with those predicted by crystallographic models.
MATERIALS AND METHODS
Reagents and Solutions. Molecular biology enzymes were from New England Biolabs. Thapsigargin, AMPPCP, proteinase K, and other chemicals were of the highest grade and purity from Sigma-Aldrich.
Construction of SERCA BaculoVirus Transfer Plasmids. The full-length wild-type (WT) SERCA1a cDNA from rabbit fast-twitch skeletal muscle was amplified by the polymerase chain reaction (PCR) from pBluescript and inserted into the Sac I and Sma I sites of the baculovirus transfer vector pAcSG2 (BD Biosciences, San Jose, CA), to yield pWT-SERCA (38) . The cDNA encoding enhanced CFP was amplified by PCR from peCFP (Clontech, Mountain View, CA) and inserted in frame at the Xho I and Sac I sites of the pWT-SERCA vector (to yield pCFP-SERCA). The resultant vector, pCFP-SERCA, encoded a fluorescent fusion protein with CFP first, leading into the N terminus of SERCA, connected by a short intervening linker, Gly-Glu-Leu, between the two proteins. Site-directed mutagenesis with the QuikChange site-directed mutagenesis kit (Stratagene, LaJolla, CA) was used to introduce an Ala to Lys mutation at residue 206 (A206K) into the CFP coding sequence to suppress CFP dimerization (pmCFP-SERCA) (39) . All cDNA gene constructs were confirmed by dideoxy sequencing.
Recombinant SERCA Expression and Purification. SERCA proteins were expressed in Sf21 insect cells using the baculovirus expression system as described previously (40) . Recombinant baculoviruses encoding WT-SERCA, CFP-SERCA, and mCFP-SERCA (referred to as CFP-SERCA throughout text unless otherwise noted) were created using the BaculoGold cotransfection kit (BD Biosciences, San Jose, CA). Recombinant SERCA proteins were isolated in Sf21 microsomal membranes using nitrogen cavitation and differential centrifugation (40) . Microsomal membranes were flash-frozen in liquid nitrogen and stored at -80°C. To determine total SERCA composition of the Sf21 microsome preparations, protein concentrations were measured and samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis as described below.
LSR Purification. Light SR (LSR) vesicles were isolated from fast-twitch skeletal muscle of New Zealand white rabbits by differential centrifugation, followed by purification on a discontinuous sucrose gradient to remove heavy SR vesicles (15, 41) . Samples were resuspended in sucrose buffer [300 mM sucrose and 30 mM 3-(N-morpholino)propanesulfonic acid (MOPS) at pH 7.0], then flash-frozen, and stored at -80°C. The SERCA concentration was determined as the product of protein concentration and the fractional concentration of SERCA, as determined from SDS-PAGE analysis (described below).
FITC Labeling and Stoichiometry. LSR vesicles and recombinant SERCA microsomes were selectively labeled with the lysine-reactive probe FITC (Molecular Probes, Eugene, OR) at Lys 515 in labeling buffer (100 mM KCl, 5 mM MgCl 2 , and 30 mM Tris at pH 8.9), as described previously (15) . The FITC concentration was first measured from the absorbance of a stock solution in dimethylformamide (DMF), using the extinction coefficient of 76 500 M -1 cm -1 of the manufacturer (494 nm, pH 9.0). The concentration of SERCA-bound FITC was determined using an extinction coefficient of 63 000 M -1 cm -1 (at pH 7.0) (15). Specificity of labeling was verified by SDS-PAGE analysis as described below.
Gel Densitometry and Fluorescence Image Analysis of SDS-PAGE. Protein concentrations for all SERCA preparations were determined by the Lowry method (42), using bovine serum albumin as a standard. Analysis of protein content and specificity of FITC labeling was achieved by electrophoresis of sample preparations through 4-20% TrisHCl gradient gels (Bio-Rad, Hercules, CA). Gels were stained with Coomassie Brilliant Blue (R-250) or directly imaged for fluorescent-labeling analysis. Coomassie-stained images were acquired using a Bio-Rad GS-700 imaging densitometer, and lane-scan profiles were collected and analyzed for total WT-SERCA (110 kDa) or CFP-SERCA (140 kDa) content using the Bio-Rad Molecular Analyst (version 21) software. To assay FITC-labeling specificity, gels were excited at 450 ( 30 nm, FITC emission was detected through a 520 nm long pass filter using a STORM 860 gel imaging system, and lane-scan profiles were analyzed for fluorescence intensity using the analysis software ImageQuant (Molecular Dynamics, Sunnyvale, CA).
Ca-Dependent ATPase Measurements. ATP hydrolysis catalyzed by SERCA was measured using a NADH-coupled enzyme reaction in a microtiter plate as described previously (17, 43) . The Ca concentration was controlled by a Ca/ ethyleneglycol-bis-(2-aminoethyl ether)N,N,N,N-tetraacetic acid (EGTA) buffering system (44) . LSR vesicles were resuspended at 3 µg/mL, and SERCA-expressing microsomes were resuspended at 5-10 µg/mL in 200 µL of assay buffer (5 mM MgCl 2 , 100 mM KCl, 1 mM EGTA, 0.4 mM NADH, 1.0 mM phosphoenolpyruvate, 5.0 mM ATP, 10 IU/mL lactate dehydrogenase, 10 IU/mL pyruvate kinase, 5 mM NaN 3 , 7 µg/mL calcimycin A23187, and 50 mM MOPS at pH 7.0), and ATPase activity was measured from pCa 5.0-8.0 at 25°C. The rate of ATP hydrolysis was determined as the rate of [NADH] decrease, measured from absorbance at 340 nm using a Molecular Devices SpectraMax Plus (Sunnyvale, CA) spectrophotometer. The Ca dependence of ATPase activity was determined by fitting the data to the Hill equation,
where V is the initial ATPase rate, n is the Hill coefficient, V max is the value of V at saturating [Ca 2+ ], and pK Ca ) -log[K Ca ], where K Ca is the value of Ca 2+ at which V/V max ) 0.5.
Microscopy. Approximately 5.0 × 10 5 Sf21 cells were plated on 35 mm glass-bottom culture dishes (MatTek Corporation, Ashland, MA) and were infected with SERCA viruses at a multiplicity of infection (MOI) of 10. Cells were imaged 48 h after infection using a TE-200 Nikon Eclipse (Nikon, Melville, NY) inverted microscope. CFP was excited using the X-Cite120 fluorescence illumination system (EXFO Photonics, Quebec, Canada) and a bandpass excitation filter with a 436 nm wavelength. Fluorescence emission was detected using a 460-500 nm dichroic filter. All images were captured using a 100× oil immersion objective (NA, 1.3) and a Photometrics Cascade II electron-multiplication, 16-bit CCD camera cooled to -80°C. Image overlays were created using MetaMorph 7.0 image analysis software (Molecular Devices, Sunnyvale, CA).
Proteolysis of LSR and Microsomal Membranes. SERCA samples were tested for conformation-specific cleavage by proteinase K (ProtK) as a diagnostic test for protein folding and conformational sensitivity to ligand binding (45, 46) . Approximately 20 µg of LSR and 40 µg of WT-SERCA or CFP-SERCA microsomal membranes were suspended in either E1 buffer (0.1 mM CaCl 2 , 50 mM NaCl, 1.0 mM -mercaptoethanol, and 50 mM MOPS at pH 7.0), E2 buffer (20 mM EGTA, 50 mM NaCl, 1.0 mM -mercaptoethanol, and 50 mM MOPS at pH 7.0), or E1.N buffer (E1 buffer plus 1 mM AMPPCP). ProtK was added in a 1:20 (weight/ weight) ratio of ProtK/total protein and incubated for 15 min at 25°C. Reactions were terminated by the addition of 2.5% (w/v) ice-cold TCA. ProtK digestion was also carried out at pH 7.0 in the presence of 3 mM MgCl 2 and at pH 6.0 with and without 3 mM MgCl 2 (data not shown). Approximately 20 µg of each sample was analyzed by SDS-PAGE as described above and visualized by fluorescence and/or Coomassie staining.
Fluorescence Measurements and Data Analysis. Fluorescence spectra were obtained with an ISS-K2 fluorescence spectrophotometer (ISS, Champaign, IL), using a Xenon lamp as an excitation source at 25°C. The excitation wavelength was 420 nm, which was chosen to maximize CFP excitation, with relatively weak FITC excitation. Emission spectra were recorded from 450 to 600 nm in 2 nm increments. FRET was measured at an emission wavelength of 480 nm, near the peak of CFP emission, where FITC emission is negligible. CFP-SERCA (donor only), FITClabeled WT-SERCA (acceptor only), or FITC-labeled CFP-SERCA (donor plus acceptor) samples were diluted into a quartz cuvette (1 cm path length) to a final concentration of 100 µg/mL in 100 mM KCl, 25 mM MOPS (pH 7.0), plus either 0.1 mM CaCl 2 (E1 buffer) or 0.1 mM CaCl 2 and 2.0 mM EGTA (E2 buffer). A background spectrum of unlabeled Sf21 microsomes, at the same protein concentration, was subtracted from the spectrum of labeled Sf21 microsomes to yield the reported fluorescence emission spectrum. The SERCA concentration was approximately 50 nM, resulting in absorbances of donor and acceptor below 0.01; thus, there was no need to correct for the inner-filter effect.
The FRET efficiency (E) was calculated as the fractional decrease of donor fluorescence (F D ) in the presence of acceptor (F DA ), according to
The distance R between the CFP (donor) chromophore and the FITC (acceptor) probe was calculated from E according to
where the Förster distance R 0 was calculated from
where κ 2 is the orientation factor (assumed to be 2 / 3 for random orientation), η is the index of refraction of the medium (1.4), and D is the donor quantum yield [0.40 for CFP (47) ]. J(λ) is the spectral overlap integral between CFP and FITC, which was calculated from the donor emission spectrum [F D (λ)] and the acceptor excitation [ε Α (λ)] according to (5) and numerical integration using a Microcal Origin 7.0 template written by Igor Negrashov. The calculated R 0 value for CFP and FITC (assuming κ 2 )
Upper and lower limits on κ 2 and R 0 were determined from the steady-state fluorescence anisotropies of the donor and acceptor, as described previously (48, 49) . Steady-state fluorescence anisotropy was measured for samples containing only the donor (CFP-SERCA) or acceptor (FITC-labeled WT-SERCA). Anisotropy, r ) (I v -I h )/(I v + 2I h ), was measured by excitation (410 nm for CFP and 460 nm for FITC) with vertically polarized light, with emission (510 nm for CFP and 520 nm for FITC) detected through a polarizer oriented either vertically (I v ) or horizontally (I h ).
The most important experimentally determined value in this study was the change in energy-transfer efficiency ∆E corresponding to the E2-E1 transition (i.e., due to the addition of Ca). Therefore, each value of ∆E was determined pairwise by dividing a single sample in two, then adding a small volume of either Ca (to produce E1 buffer) or EGTA (to produce E2 buffer), and calculating (51, 52) . The first two residues of the SERCA structures were reoriented by torsional rotation to allow for the attachment of CFP at the N terminus. The three amino acids (Gly-Glu-Leu) that resulted from the subcloning of the two cDNA molecules were modeled onto the N terminus of SERCA to ensure that the in silico protein was identical to the expressed fusion protein used to acquire experimental data. The residues missing from the X-ray crystal structure of CFP at the N (Val-Ser) and C (Thr-Leu-Gly-Met-Asp-Glu-Leu-Tyr-Lys) termini were added to its in silico structure and then attached to the N terminus of SERCA. Each structure was inserted into a lipid bilayer prior to structure simulation.
To simulate the multitude of possible conformations that CFP can adopt with respect to SERCA in solution, we created an ensemble of structural models for both E1-CFP-SERCA and E2-CFP-SERCA. Using the software FPMOD, the SERCA and CFP structures were treated as rigid bodies joined by a flexible linker region that was allowed to rotate freely. The nine C-terminal residues of CFP, which are unresolved and assumed to be flexible in the crystal structure and the first residue of the GEL sequence at the N terminus of SERCA were assigned to be part of this flexible linker. Structures where the CFP or linker sequence became positioned in the membrane bilayer were excluded from the ensembles using the assumption that the membrane has a total thickness of 45 Å and that these structures were energetically unfavorable and unlikely to reflect possible in Vitro conformations. As a final step, the fluorescent label FITC at Lys 515 and the CFP chromophore were modeled into the structures using the McLachlan fitting algorithm as implemented in the program ProFit (Martin, A. C. R., http:// www.bioinf.org.uk/software/profit/). Multiple conformations for FITC at Lys 515 were sampled by torsional rotations for every structure in each ensemble. Molecular visualization and creation of structural figures were accomplished using the software VMD (53) .
Simulation of FRET Parameters from Molecular Modeling Data. For each structure, we calculated both the distance between the centers of the two chromophores (R) and the Förster distance (R 0 ). To calculate R 0 , the orientation factor κ 2 was calculated explicitly from the observed probe orientations using dynamic reorientation averaging based on order parameters from anisotropy measurements (49)
where
θ D and θ A are the angles between the interprobe vector and the donor and acceptor transition moments, respectively, and θ T is the angle between these two transition moments. S D (r D ) 0.33) and S A (r A ) 0.27) are the order parameters determined from the steady-state anisotropies r of the donor . R 0 was then calculated for each simulated structure from
where R 0 (2/3) ) 55 Å (eq 4). This allowed us to calculate not only the predicted distribution of distances (R) but also the predicted values of measured energy-transfer efficiency (E), using eq 3. Transition dipole moments for the CFP and FITC chromophores were adopted by analogy from published data (54, 55) .
RESULTS

BaculoVirus Expression of SERCA Proteins in Sf21 Cells.
The baculovirus system has been used extensively for expression of SERCA in insect cells, providing milligram quantities of recombinant protein with preservation of nearnative activity (40, (56) (57) (58) . In the present study, we expressed three SERCA constructs in Sf21 insect cells: wild-type SERCA (WT-SERCA), SERCA with CFP fused to the N terminus (CFP-SERCA), and SERCA with monomeric CFP (containing the A206K mutation to suppress dimerization) fused to the N terminus (mCFP-SERCA). Essentially, all experiments in this study were carried out with both CFP-SERCA and mCFP-SERCA, with no significant differences in expression level, ATPase activity, or FRET, and are referred to below as CFP-SERCA unless otherwise noted. Figure 2 shows a live Sf21 cell expressing recombinant CFP-SERCA 48 h after infection with baculovirus. Differential interference contrast (DIC) microscopy ( Figure  2A) shows the enlarged nucleus of the cell; a hallmark of infection with baculovirus. Epifluorescence microscopy ( Figure 2B ) reveals the perinuclear expression of CFP-SERCA in the endoplasmic reticulum (ER) of the infected cell. An image overlay ( Figure 2C ) demonstrates that the SERCA fluorescent fusion protein is specifically targeted to the ER membranes of Sf21 insect cells.
Microsomal membranes highly enriched in ER vesicles were isolated from infected cells for biochemical and biophysical characterization of CFP-SERCA. Sf21 microsomes containing recombinant SERCA proteins were subjected to SDS-PAGE, followed by fluorescent visualization and Coomassie staining (Figure 3) . Expressed WT-SERCA migrated at its expected molecular weight of 110 kDa, and CFP-SERCA migrated at 140 kDa, as expected upon addition of the 30 kDa CFP fusion partner (lanes 2 and 3 in Figure 3A ). Recombinant SERCA proteins were overexpressed at 5-20% of the total microsomal fraction for each protein, as revealed by quantitative densitometry of Coomassie Blue stained bands. Typically, the microsomal fractions of CFP-SERCA and mCFP-SERCA expressed at approximately twice the level of WT-SERCA (Table 1) .
Ca-Dependent ATPase ActiVity. To determine whether the WT-SERCA and CFP-SERCA proteins were catalytically active, Sf21 microsomes were assayed for Ca-dependent ATPase activity at 25°C in the presence of Ca ionophore (A23187), as described previously (43) . Recombinant WT-SERCA showed high Ca-ATPase activity, similar to that of native SERCA in LSR, and the fusion proteins CFP-SERCA and mCFP-SERCA displayed 40-50% of the Ca-ATPase activity of recombinant WT-SERCA (Table  1) . For both recombinant preparations, the Ca dependence of ATPase activity was virtually identical to that of LSR (Figure 4) , demonstrating that the CFP-modified enzyme undergoes the same Ca-dependent structural transitions as WT-SERCA during the reaction cycle. Introduction of the A206K mutation in CFP to suppress dimerization had no significant effect on the ATPase activity of the enzyme but eliminated the aggregation occasionally seen on SDS-PAGE (data not shown).
FITC Labeling. Previous reports show that FITC stoichiometrically modifies residue Lys 515 in the nucleotidebinding pocket and completely inhibits the ATPase activity of the enzyme (35, 59) . Here, we found that FITC labeling also eliminated more than 98% of Ca-ATPase activity by WT-SERCA, CFP-SERCA, and mCFP-SERCA in Sf21 microsomes (data not shown), indicating that the recombinant enzyme is completely labeled by FITC, with similar results as the native enzyme. Fluorescence gel imaging and densitometry determined that >85% of the dye was bound to SERCA, whether in LSR membranes or Sf21 microsomes ( Figure 3B ). Quantitative analysis of the [dye]/[SERCA] labeling ratio, determined from dye absorbance of solubilized membranes and the SERCA content in the same membranes, showed that 0.9-1.2 mol of FITC was bound/mol of SERCA, in LSR as well as in Sf21 microsomes expressing WT-SERCA or CFP-SERCA. We conclude that Lys 515 is completely and specifically labeled with FITC, the FRET acceptor.
Proteolysis of SERCA Proteins by ProtK. To further characterize protein folding and conformational response to ligand binding by recombinant SERCA expressed in insect cells, Sf21 microsomes were digested with ProtK and analyzed by SDS-PAGE. Native SERCA in LSR shows conformation-specific digestion by ProtK (45, 46, 60) . The main cleavage sites for ProtK are located between Leu 119-Lys 120 and Thr 242-Glu 243, resulting in a 95 kDa C-terminal fragment (95C) or a 83 kDa C-terminal fragment (83C), respectively (61) . It has been shown that the relative rates of cleavage at these two sites reveal conformational changes due to Ca and nucleotide binding (45, 46, (60) (61) (62) , as confirmed in Figure 5A . Digestion of LSR in the presence of Ca (E1) produces the 83C fragment; this cleavage is partially inhibited by AMPPCP binding (E1.N) and is further reduced by Ca removal (E2), where the 95C fragment is observed. FITC labeling (parts B and C of Figure 5 ) blocks the effect of AMPPCP (E1.N), confirming that FITC blocks nucleotide binding but not the effect of Ca removal (E2), indicating clearly that FITC does not mimic either the effect of nucleotide binding or Ca release. The pattern of proteolytic susceptibility was similar for FITC-labeled WT-SERCA and CFP-SERCA in Sf21 microsomes (compare parts D and E in Figure 5 ), indicating that the fluorescent fusion protein undergoes similar conformational changes as the WT enzyme in response to ligand binding. The additional 100 kDa band (100C) in Figure 5E is a result of ProtK cleavage of CFP from the fusion protein. ProtK digests for the E1, E1.N, and E2 biochemical states were conducted at pH 6.0 and 7.0, both with and without Mg, yielding results indistinguishable from those presented in Figure 5 (data not shown). We conclude that the samples used for FRET in the present study undergo similar Ca-dependent conformational changes as in WT-SERCA with and without bound FITC.
FRET Measurements within FITC-Labeled CFP-SERCA. Figure 6 illustrates the excellent spectral overlap between the donor (CFP) emission and the acceptor (FITC) excitation in samples prepared from insect microsomes. Using eq 4, the R 0 value for this pair was calculated to be 55 ( 1 Å. FRET provides good sensitivity for measuring distances from 0.5R 0 to 1.5R 0 (48), corresponding to 30-80 Å in this case, a range corresponding well to interdomain distances predicted by the X-ray crystal structures of SERCA (Figure 1) .
Upon excitation at 420 nm, microsomes expressing CFP-SERCA show high fluorescence, many times greater than controls, with an emission maximum at 480 nm and a shoulder at 512 nm, characteristic of CFP ( Figure 6 ). FITC labeling of CFP-SERCA produced a decrease in CFP fluorescence (Figure 7) , a clear indication of FRET between CFP (donor) in the A domain and FITC (acceptor) in the N domain, in both the presence and absence of Ca. Energytransfer efficiency (E) was calculated using eq 2, and the apparent distance R between the two probes was calculated using eq 3. In the example shown in Figure 7 , in the absence of Ca, the fractional decrease in donor fluorescence (arrows in A and C) corresponds to FRET efficiency E ) 33.6% and an interprobe distance R ) 61.6 Å. In the presence of Ca (arrows in B and D), E ) 24.6% and R ) 66. precision: ∆E(Ca) ) 0.059 ( 0.022, and ∆R(Ca) ) 3.0 ( 1.2 Å (Table 2) . Thus, FRET results indicate that the distance between the A and N domains of SERCA changes only slightly in response to Ca binding. For a comparison, X-ray crystal structures indicate that the distance between the A and N domains increases by 27 Å upon Ca binding, nearly 10 times the observed change. We also tested the nucleotide effect on FRET between CFP and FITC, but as expected, AMPPCP (2.5 mM) had no effect on the FRET distance for FITC-labeled CFP-SERCA, presumably due to blockage of nucleotide binding by FITC in the N domain (data not shown).
Estimation of the Uncertainty due to Orientation. Upper and lower limits on κ 2 and R o were determined from the steady-state fluorescence anisotropies of the donor and acceptor. The anisotropy of CFP-SERCA (donor) was measured to be 0.33 ( 0.02 (corresponding to an order parameter S D of 0.91), in agreement with a previous report for GFP, for which the anisotropy was found to be independent of its linkage in a fusion protein (63) . The anisotropy of FITC-SERCA was measured to be 0.27 ( 0.02 (corresponding to an order parameter S A of 0.82). Both anisotropies were independent of Ca (same for E1 and E2). Based on these values, there is an 80% probability that the actual distance R act is related to the apparent distance R app according to (48) 0.73 < R act /R app < 1.11 (8) thus, the only likely substantial error is an overestimate of the distance, by as much as 1 / 3 . To reduce this uncertainty, we calculated the orientation factor quantitatively from molecular modeling, as described below. FRET Simulations. To compare experimental FRET data with predictions from crystal structures, FRET experiments were simulated quantitatively based on molecular modeling of the CFP-SERCA fusion proteins. Molecular simulations were performed on the E2-CFP-SERCA and the E1-CFP-SERCA structures to determine a representative ensemble of CFP-SERCA conformations for each state. Approximately 5000 models were generated in the ensemble for the E2-CFP-SERCA and 4000 for E1-CFP-SERCA. These ensembles of models were further processed to remove structures where CFP overlapped with the membrane, because insertion of the soluble CFP protein into the membrane environment is assumed to be energetically unfavorable; there were 1173 models in the E2-CFP-SERCA ensemble and 1339 models in the E1-CFP-SERCA ensemble. Representative structures in each state are shown in Figure 8A .
After elimination of unlikely CFP-SERCA structures, multiple conformations for FITC modeled at the K515-binding site in each of the 1173 structures for E2-CFP-SERCA and 1339 structures for E1-CFP-SERCA were sampled by torsional rotations. For every model in each ensemble, the center positions and vectors for the CFP and FITC chromophore transition dipoles were calculated. The distance R and angles between dipoles were computed using these vectors, and subsequently, a dynamically averaged value for κ 2 was calculated using eq 6. The distribution of distances (R) between FITC and the CFP chromophore ranged from approximately 30 to 75 Å in the E2-CFP-SERCA structure, with a mean distance ((SEM) of 52.2 ( 0.2 Å ( Figure 8B and Table 2 ). In the E1-CFP-SERCA structure, the distances ranged from about 50 to 110 Å, with a mean distance of 81.7 ( 0.3 Å. The distribution of E values, which is directly comparable to the experimental data, was calculated with eqs 4 and 6 ( Figure 8C and Table 2 ). The mean Evalues((SEM)forE2-CFP-SERCAandE1-CFP-SERCA are 0.420 ( 0.007 and 0.140 ( 0.004, respectively. Thus, while the simulations predict wide distributions of both R and E values, the SEM values are small and the simulated values for the E2 and E1 crystal structures differ much more than the experimentally observed values (Table 2) . While the predicted change because of Ca addition is given by ∆E ) -0.28 ( 0.01 and ∆R ) 29.5 ( 0.5 Å, the experimentally observed change is much smaller: ∆E ) -0.059 ( 0.022 and ∆R ) 3.0 ( 1.2 Å. We considered other values for the mean orientation of the FITC probe bound to K515 (in addition to the most likely orientation based on modeling) and found that other orientations either gave results (distribution of E) that were similar to that reported in Figure 8 or showed even a greater discrepancy between the experimental and simulated E value for the E1 state.
DISCUSSION
Summary of Results.
In the present study, we have used FRET to monitor SERCA cytosolic domain movements using a biosynthetically incorporated fluorophore to solve a longstanding problem in the SERCA field: the lack of specific labeling sites for spectroscopic probes on the A domain. Here, we fused CFP to the N terminus of SERCA through recombinant DNA technology, providing a unique fluorescent probe attached to the A domain (Figure 8) . Expression of the CFP-SERCA fusion protein in Sf21 insect cells allowed us to monitor functional dynamics of the A domain in a biological membrane system under physiological conditions. FRET was used to measure distance changes within the fluorescent fusion protein, using CFP on the A domain as a donor and FITC on Lys 515 in the N domain as an acceptor. We found that the distance between CFP and FITC increased by only 3 ( 1 Å in response to Ca ( Table 2 ), indicating that the A and N domains move slightly away from each other upon high-affinity Ca binding at the transmembrane sites in SERCA.
Relationship of FRET Results to X-ray Crystal Structures. X-ray crystallography has produced high-resolution structures of SERCA under a wide range of crystallization conditions, which serve as models for possible structures that occur during the calcium transport cycle (18-21, 23-29, 64) . Of particular interest here are the movements of the N, P, and A domains (comprising the cytosolic "headpiece") suggested to occur in response to Ca or nucleotide binding. The crystal structures of E1-Ca (1SU4), E2-Tg (1IWO), and E1-AMPPCP (1VFP) suggest that the N and P domains move relatively little with respect to each other in response to ligand binding, with interdomain distance changes less than 10 Å, while the most striking conformational changes in SERCA occur with the displacement of the A domain relative to the other two cytosolic domains. For example, the crystal structures of SERCA in the Ca-free (E2-Tg) and Ca-bound (E1-Ca) states predict that the distance between Met 1 in the A domain and Lys 515 in the N domain increases by 27 Å upon Ca binding (Figure 1) . Here, we used FRET to measure directly the distance between CFP attached to the N terminus of the A domain and Lys 515 in the N domain, in active membranes, as a test of the X-ray crystal models ( Figure 8 ). The results show that Ca binding increases the A-N domain distance by only 3 Å (Table 2) , much less than the predicted 27 Å movement cited above.
It is not likely that this discrepancy arises from different buffer conditions in crystals and FRET samples. The E2-Tg crystal structure (1IWO) used in simulating the data ( Figures  1 and 8) was obtained in the presence of thapsigargin (19) , but no significant effect was observed in our E2 FRET experiment upon thapsigargin addition (data not shown). The E1-Ca crystal structure (1SU4) used in simulating the data (Figures 1 and 8) was obtained in the presence of 10 mM Ca (18) , at least 1000-fold higher than required for SERCA activation, but no significant effect was observed in our E1 FRET experiments upon increasing CaCl 2 from 0.1 to 10 mM (data not shown).
It is not likely that this discrepancy arises from structural perturbations caused by attachment of the fluorescent probes. ProtK digestion of native SERCA shows that FITC labeling does not prevent the Ca-dependent transition from E2 to E1 nor does FITC cause the same conformational change (which includes closure of the SERCA headpiece) as AMPPCP binding (compare parts A and B of Figure 5 ). On the contrary, while FITC prevents AMPPCP binding (35, 65) , it does this by blocking the effects of the nucleotide and not by mimicking them. Finally, FITC-labeled CFP-SERCA undergoes the same Ca-dependent transitions as FITC-labeled WT-SERCA (parts D and E of Figure 5 ).
It is not likely that this discrepancy is due to the uncertainty in the orientation factor (κ 2 ), which can cause a systematic error in R 0 and thus decreases the accuracy of the distance measurement (48, 49) . Based on the measured fluorescence anisotropies of donor and acceptor, we determined that the primary uncertainty is that the distance may be overestimated, by as much as 1 / 3 (eq 8). However, because the probe anisotropy is not Ca-dependent and E is a function of R/R 0 (eq 3), it is likely that the error would be similar in the presence and absence of Ca and the relative distances would still be accurate.
It is not likely that the discrepancy is due to mobility of CFP relative to the A domain. It is important to consider this possibility, because CFP is attached to the N terminus of SERCA via a 10-residue flexible linker. Therefore, we modeled the structures of CFP attached to the A domain and FITC attached to Lys 515 on the N domain (Figure 8 ) to obtain simulated distances to compare to our experimental data. The results show that, even when the simulations allow the linker to have virtually complete flexibility, resulting in a wide distribution of distances in both E2 and E1 states ( Figure 8A ), the predicted mean values of distance (R, Figure  8B ) and FRET (E, Figure 8C ) both change with Ca much less in the experiments (∆E ) -0.059 ( 0.022, and ∆R ) 3.0 ( 1.2) than in the simulations (∆E ) -0.280 ( 0.011, and ∆R ) 29.5 ( 0.5) ( Table 2) . Additionally, when FITC was allowed to adopt multiple conformations within the ATPbinding pocket, we found that many of these FITC orientations gave results (distribution of E) that suggest an even greater discrepancy between the experimental FRET data and the simulated data for the E1 state. We conclude that the E2 crystal structure, indicating close proximity of A and N domains, is slightly more closed than experimentally observed in the absence of Ca in active membranes and that the E1 crystal structure is much more open than experimentally observed in the presence of Ca (Table 2) .
There are several alternative explanations for these results, as illustrated in Figure 9 . The simplest explanation is that the structures of SERCA in the absence and presence of Ca are each distinct, ordered structures ["E2 (FRET)" and "E1 (FRET)" in Figure 9 ] that are similar to each other and to the closed E2-Tg crystal structure (1IWO) but quite different from E1-Ca (1SU4). However, it seems more likely that the E2-Tg and E1-Ca crystal structures are present but that their differences are partially obscured by structural dynamics. For example, the data are consistent with a model in which both E2-Tg and E1-Ca crystal structures are populated and Ca simply shifts the dynamic equilibrium toward E1-Ca. The energy-transfer efficiency in this case is given by
where x 1 is the mole fraction of SERCA in the E1 crystal structure and E(E1) and E(E2) are the simulated E values given in Table 2 . From Table 2 , the value of x 1 is 30 ( 1% E1 in the absence of Ca and 51 ( 1% E1 in the presence of Ca. The data are also consistent with a highly flexible, dynamically disordered headpiece, in which many intermediate structures are populated, particularly in the presence of Ca ( Figure 9 ). In fact, the model depicted in Figure 9 , showing a continuum of equally populated structures, is predicted to give E ) 0.28, almost exactly the energy-transfer value observed in the presence of Ca. The N domain is a continuous polypeptide strand (approximately residues Glu 360-Arg 604) inserted within the sequence of the P domain (Asn 330-Asn 359 and Lys 605-Asp 737), creating a flexible "hinge" where the two domains are connected. Xu et al. (67) have proposed that this hinge flexibility renders the N domain susceptible to Brownian motion and that its orientational distribution could represent a random sampling of structures. The reported E1-Ca crystal structure (1SU4) with the wide A-N domain distance (i.e., "open" headpiece) could be one of many conformations accessible to SERCA prior to ATP binding. It has been noted that the E1-Ca structure could be distorted by crystal contacts between the N and A domains of one SERCA molecule with those of its nearest neighbor (18, 68) . Our present findings indicate that the "open" headpiece with the wide A-N distance is not the predominant structure populated by E1-Ca under physiological conditions. Considering that concentrations of ATP and ADP within the cell are high enough to keep the nucleotide-binding site occupied at any given time, Jensen et al. (69) have proposed that the cytosolic headpiece of SERCA is "closed" during the entire catalytic cycle. Our FRET results indicate that nucleotide binding is not required for this compact structure but rather that the cytosolic headpiece of the E1 enzyme in fully hydrated lipid bilayers under physiological conditions is much more compact than that seen in the crystal structure.
Relationship to PreVious Spectroscopic Data. This laboratory has previously reported a FRET study of SERCA structural dynamics using two well-characterized native labeling sites: FITC labeling of Lys 515 on the N domain and IAEDANS labeling of Cys 674 on the P domain (15) . That study showed that there was no significant change in energy-transfer distance within the measured range (31 Å e R 1 e 40 Å) in response to Ca, phosphate, or vanadate binding. An examination of the E1-Ca (1SU4), E2-Tg (1IWO), and E1-AMPPCP (1VFP) crystal structures indicates that this finding is not surprising, because the distances between Lys 515 and Cys 674 do not vary by more than a few angstroms (Figure 1 ). Other FRET studies using a variety of labeling strategies have also demonstrated little or no change in distance between fluorescent probes in the N and P domains (as reviewed by ref 14) . These FRET results using native sites in SERCA were later corroborated by X-ray crystallography. We conclude that FRET is a useful and accurate tool to measure interdomain distances in SERCA.
Spectroscopic Probes of SERCA Domain Dynamics. Previously, we reported EPR and time-resolved phosphorescence anisotropy studies that probed the effects of Ca and ATP binding on domain dynamics (16, 17) . Consistent with the present results, the effects of Ca binding were subtle. EPR of a spin label bound to SERCA at Cys 674 showed significant changes in the nanosecond internal dynamics of the SERCA P domain in response to Ca plus ATP but not Ca alone (16) . Similarly, time-resolved phosphorescence anisotropy showed that ATP binding affects P domain microsecond dynamics and membrane tilt, while Ca has only very minor effects (17) . Detection of the effects of nucleotide binding on FRET between A and N domains will require a new acceptor labeling site on the N domain, because FITC blocks nucleotide binding. Future studies employing timeresolved FRET should have the sensitivity to detect distance heterogeneity (70) and thus test the Brownian motion hypothesis (67) for A-N domain distance and to test whether FIGURE 9: Ca-induced structural change in SERCA. The structures on the ends are crystal structures, E2-Tg [1IWO (19) ] and E1-Ca [1SU4 (18) ]. Between them is a series of evenly spaced intermediate structures, generated using the Yale Morph Server (http:// molmovdb.org/molmovdb/morph) (66) . "E2 (FRET)" and "E1 (FRET)" are the structures in this sequence that are most consistent with FRET results.
the cytosolic domain of SERCA is closed throughout the catalytic cycle (69) .
Conclusions. By constructing a CFP-SERCA fusion protein in insect cell microsomes, we have solved a longstanding problem: the lack of a specific fluorescent probe of the SERCA A domain. Measurements of ATPase activity and proteolytic susceptibility indicate that this construct undergoes Ca-dependent structural transitions similar to those of native SERCA. FRET measurements from this A-domain donor to a N-domain acceptor (FITC attached to Lys 515), coupled with molecular simulations, provide direct tests of models derived from crystal structures. These measurements give results in the absence of Ca that are consistent with the proposed compact structure of the cytosolic headpiece of SERCA. However, upon addition of Ca, only a slight separation of the probes occurs, indicating that the mean separation of the A and N domains is not as great as indicated by the E1-Ca crystal structure (1SU4). We conclude that either (a) the headpiece retains a compact structure throughout its catalytic cycle or (b) the Ca-bound E1 state is a dynamically disordered structure that samples both open and closed conformations, with an average structure that is only slightly different from the closed E2 structure.
